We demonstrate the optical medium for surface plasmon -polariton waves (SPP) propagation with ultra low losses corresponding to the theoretically limited values. The unique element of the optical medium is an atomically-flat single-crystalline silver thin film which provides extremely low losses. The SPP excited on the surface of such thin films (λ = 780 nm) is characterized by a SPP propagation length equal to 200 µm, which is twice longer than previously reported experimental results and corresponds to theoretically limited values for silver films.
Introduction
One of the key performance criteria in nanoplasmonics is the plasmon waves propagation on the surface of metal thin films. Most nanoplasmonic practical applications are strongly limited by dramatic losses of SPP waves on metal surfaces [1] [2] [3] . The losses in metals inevitably limit the propagation length of the SPP wave, the Q factor of plasmonic resonators, and the cross section of optical nonlinear processes [4] . This problem is even worse in nanoplasmonics of the visible and near infrared spectral ranges. For example, a short propagation length of SPP leads to low efficiency of SPP focusing [5, 6] , waveguiding [7, 8] , higher thresholds of plasmonic nanolasers [3, 9] , and lower Purcell factor of quantum nanoplasmonics resonators [10, 11] .
There are many experimental researches demonstrating a strong difference for various metal films between measured SPP losses and calculated values even for well-known or measured optical constants [1, 2] . Such a huge mismatch is a result of the metal thin films (crystalline structure, surface roughness, surface condition) and interfaces (substrate-metal, metal-media) imperfections. Single-crystalline metal thin films should be a proper way to solve described problems, but it is extremely hard to fabricate them with high quality. One of the most challenging metal in terms of single-crystalline growth is silver, because of its natural chemical instability [12, 13] , high sensitivity to substrate surface reconstruction and impurities, lattice-matched substrate dewetting at elevated growth temperatures [14] and optical properties degradation over time [15] . All the listed above silver film growth issues are in practice the potential sources of films poor optical properties, characterized by a short SPP propagation length.
In this work we demonstrate for the first time that using of recently developed method of atomically-flat single-crystalline silver thin film growth [16] is a proper solution to create the optical medium for SPP propagation with losses close to theoretically predicted values. Such a single-crystalline silver film can be obtained utilizing the high vacuum physical vapour deposition two-step growth approach named as the SCULL process (Single-crystalline Continuous Ultra-flat Low-loss Low-cost). The fundamental idea of the process involves a growth of an effective underlying layer under elevated temperature (first step), which emulates a lattice-matched substrate for the targeted metal, followed by a single-crystalline film growth under room temperature (second step) on the just synthesized lattice-matched substrate in the same vacuum cycle. The process provides the single-crystalline metallic films growth on non-ideally lattice-matched substrates without underlayers using a standard high vacuum electron-beam evaporator.
SPP propagation length on the silver film surface
The material choice for creating plasmonic nanostructures is decisive in achieving its best properties. Silver and gold at the present time are the main materials of experimental nanoplasmonics due to minimal ohmic losses among all known natural materials. However, these materials in visible and ultraviolet regions of spectrum exhibit significant ohmic losses. This situation eliminates the possibility to construct high performance useful nanoplasmonic devices in these spectral ranges.
The ohmic losses in metals can be divided into two groups: (1) losses due to the presence of free conduction electrons and (2) losses due to bound electrons in metal. Losses from conduction electrons have different origins: electron-electron interaction, electron-phonon interaction, and due to scattering of electrons on lattice defects and grain boundaries in polycrystalline metals. Losses due to bound electrons arise when the photon is absorbed through the interband transition, with the electron transition to highly excited states. Both mechanisms of losses in metals strongly limit the progress in the development of nanoplasmonics.
Using silver one could obtain the minimal losses for SPP waves in the visible and near infrared regions of spectrum [17] . A further reduction in losses can be achieved by cooling the material to cryogenic temperatures [18] with about 40-60% improvement in the SPP propagation length [19] . These results are consistent with the Drude-Lorentz model of the metal.
The SPP propagation length is a key parameter characterizing plasmonic quality of metal films for future practical applications [20] . In this work we do measurements of the SPP propagation length to characterize plasmonic properties of Ag film under study. Let's pay attention to another approach sensitive to imperfections of metal films based on measurements of short range SPPs dispersion diagram [21] . The SPP propagation length is the distance where SPP wave intensity decreases to 1/e from its initial value [22] . The theoretical value of the SPP propagation length is determined by the optical constants of silver (ε -the real part, and ε -the imaginary part of the dielectric permittivity of silver film):
Thus, to calculate the SPP propagation length, it is necessary to know the dielectric constants of silver film. There are numerous studies on silver films optical constants measured using spectroscopic ellipsometry. In the work [23] , the optical constants were measured at wavelength of 780 nm that are ε = -29.384, ε = 0.365222. The corresponding calculated SPP propagation length is 278 µm (λ = 780 nm). Another value of the SPP propagation length can be obtained by using the following data from [24] : ε = -31.535, ε = 0.4328. The corresponding calculated SPP propagation length is 271 µm (λ = 780 nm). The minimum calculated value of the SPP propagation length is obtained using the data of [25] : ε = -29.688, ε = 0.57674, which corresponds to the SPP propagation length equals to 180 µm (λ = 780 nm). However, till the present time, the largest experimentally measured SPP propagation length for silver films is about 100 µm (λ = 780 nm) [26] , which is several times less than the calculated values.
In all the experiments we used 100-nm-thick single-crystalline silver films [16] grown on a lattice-matched Si [111] substrates with atomically flat surface (typical AFM root mean square roughness is less than 0.5 nm measured over 2.5 × 2.5 µm area). The films were deposited by electron-beam evaporation (base pressure 3 × 10 −8 Torr, 1 A/s deposition rate) using 99.999% silver pellets. Using AFM and XRD measurements we confirm the evidence of atomically flat single -crystalline properties of the film, similar to published in [16] . The silver films demonstrate perfect optical properties combined with nanostructures patterning compatibility [10, 27] .In this paper we present the SPP propagation length measurement results for such a single-crystalline silver thin film.
Measurement of the SPP propagation length on the surface of singlecrystalline grown silver film
Measurement of the SPP propagation length is a rather complicated experimental problem and usually consists of two steps: (1) effective excitation of SPP wave and (2) measurement of the SPP propagation length. One of the most accessible, convincing and informative is the method of measuring the SPP propagation length based on registration of SPP waves which are excited by laser radiation. The SPP are excited by using a nanoslits array patterned on a metal film surface. Registration of the launched SPP is performed through the scattering the SPP on the nanogrooves (detectors of SPP waves) located on the metal film surface on the SPP propagation way Fig.1 (c) [26] .
We call this method "the far-field optical microscopy of SPP waves". In this method, the excitation of SPP is realized through the scattering of laser radiation on the array of nanoslits and the subsequent scattering of the launched SPP on nanogrooves. Detection of scattered radiation on nanogrooves in far field helps to visualize SPP propagation as well as to measure the SPP propagation length.
The measurements were made with silver films both on transparent [26] , and on opaque substrates [24] . We note that optical microscopy of SPP waves on metallic films made on an opaque substrate is much more complicated in implementation, in comparison with the case of transparent substrates. This complexity is caused by the fact that excitation of the SPP and its detection is carried out from the same side of the substrate. In this case, the same microscope objective is used to excite SPP and then to detect radiation scattered by the SPP on nanostructuresdetectors. The main problem here is to detect a weak scattering signal of SPP on the nanostructures -detectors against a giant reflected and scattered signals from the laser used to excite SPP.
Two types of nanostructures were created on the silver film surface using focused-ion-beam milling. One of them was designed to excite SPP wave and was formed by a matrix of 20 slits nanostructures with a nanoslits spacing of Λ 1 = 780 nm and a slit size of 120 nm × 20 µm. Another one served as a detector of the SPP wave, and was formed by a matrix of 15 nanogrooves with a 40 nm depth, 120 nm width and 40 µm length with a distance between nanogrooves equal to 20 µm. Fig. 1(a,b) shows the electron microscope images of the created nanostructures. Fig.1(c) shows the scheme for measuring the SPP propagation length. The measurements were performed using an inverted Nikon Eclipse/Ti-U microscope. To excite SPP wave, we used a CW semiconductor laser with a tunable wavelength around 780 nm, having ultra narrow linewidth. This laser light was focused with a microscope objective (x20) into a 6 µm spot on the array of nanoslits. The period of nanoslits array Λ 1 was chosen to effectively excite SPP on the film surface at orthogonal incidence of the laser beam on the sample [28] . The period was determined from the relation Re(k S P P ) ≈ G + k 0 sin α, where k S PP is the wave number of the SPP wave, G = 2π/Λ 1 is the modulus of the reciprocal lattice vector of the nanoslits array, α is the angle of laser radiation incidence on the sample (α = 90 0 ), k 0 = ωc is the wavenumber of laser light.
We fabricated series of parallel nanogrooves on the way of SPP propagation Fig.1(a) . The radiation scattered on these nanogrooves is recorded with the same microscope objective lens on a 2D CCD camera (Princeton Instrument, PhotonMax). The radiation is proportional to the intensity of the SPP wave at the location of the nanogroove, and the detection of the scattered light from the array of nanogrooves allows us to measure a change of the SPP intensity during its propagation. To increase the contrast of the measured signal, we used the fact that the radiation formed due to scattering of SPP on nanogrooves has different polarization compared to incident laser light. We used two crossed polarizers having a residual extinction ratio of 1:1000. One of them was installed in the laser beam. Another one was installed just before CCD camera in such a way to block most of laser light reflected from the sample. Such arrangement of the polarizers helped us to substantially reduce laser radiation reflected and scattered from the sample. Fig.2(a) shows the Ag film surface optical image with fabricated nanostructures which were fabricated using focus-ion-beam milling method. The figure clearly shows both types of nanostructures. One is the array of nanoslits, designed to excite the SPP and which is visible as a rectangle. The distance between nanoslits is too small to be resolved by optical microscope. The figure also clearly shows distinctly separated nanogrooves. These nanogrooves are arranged parallel to the nanoslits and are on the way of the SPP propagation. Scattering of the SPP on each nanogroove allows us to visualize the SPP, and also to measure the SPP propagation length. Figure 2b shows the optical image of the silver film surface when it is irradiated by laser radiation at wavelength 780 nm. As it can be seen from the figure, the strong scattering of laser radiation on the array of nanoslits and the excitation of SPP on the Ag film surface appear. The SPP propagates and scatters on nanogrooves, giving possibility to visualize SPP propagation in optical microscope. Each of the spot on a nanogroove has elliptical shape. The smaller diameter d 1 of this spot is determined by a diffraction limit of used optical objective. The larger diameter of the spot d 2 is determined by width of SPP. Thus the optical image clearly shows the divergence of the SPP due to diffraction: as the distance from the excitation region of the SPP wave increases, the spot diameter d 2 (from the scattering of the SPP wave by the nanogrooves) becomes higher. The spot size on a nanogroove located close to the array of nanoslit is d 2 (0 µm) = 6 µm and corresponds to the diameter of the exciting laser beam. On the nanogroove located at L = 275 µm from the first nanogroove, the corresponding spot size is much lager: d 2 (275 µm) = 38 µm. Fig.2(c) shows a cut image of Fig.2(b) along the SPP propagation direction. As can be seen from the Fig.2(b) , the scattering signals from the nanogrooves are represented by the narrow peaks with the width equal to d 1 = 2 µm, which is determined by the resolution of the objective lens with a numerical aperture NA = 0.4 (d 1 ≈ λ/N A).
It can be seen from Fig.2(b,c) that the amplitudes of the scattering signal of SPP on the nangrooves are different and decrease with a distance between each nanogroove and the array of nanoslits because of the losses of the SPP in Ag thin film. The change in the amplitudes is well approximated by an exponential curve with a characteristic length equal to 93 µm. This measured SPP decay length is determined by three factors: (1) absorption losses of the SPP in the silver film, (2) losses of the SPP due to scattering on each nanogroove, and (3) divergence of the SPP wave caused by its diffraction. We will show below that from these measurements it is possible to extract the SPP propagation length determined only by the losses in the silver film.
Using the method described in [26] , we measured losses of a SPP on each nanogroove, which equals to 4.8%. Briefly, to measure the losses we have created another set of structures with a distance between nanogrooves two times lower compared to the structure presented on the Fig.  2 . Thus the SPP crosses two times more nanogrooves during its propagation compared to the case presented on Fig. 2 . The set of nanoslits and nanogrooves was created on the same Ag film with a distance about 0.5 mm from the structures presented on Fig. 5 . For the measurements it is important that the nanogrooves are identical in the both structures. This was controlled by electron microscopy. To measure losses of SPP on nanogrooves we measured SPP decay curve Fig. 2(c) for the both structures. The measured difference was attributed to losses of SPP on nanogrooves because number of nanogrooves is different and it permits to find losses of SPP on individual nanogroove [26] .
The SPP diffraction was taken into account by integrating the signal along each nanogroove, using the image of Fig.2(b) , which corresponds to scattering of the SPP by the nanogroove. Fig.3 shows the dependence of the SPP intensity attenuation, taking into account the losses at each nanogroove and the diffraction of the SPP wave. As can be seen from the figure, the data are well approximated by an exponential curve with an attenuation length characterizing SPP propagation length on a surface of Ag film L S PP = 194 ± 23 µm. In this figure, the zero position on the x axis corresponds to the edge of the nanoslits array (used to excite the SPP). It is also seen from the figure that even at a distance of 300 µm from the excitation region, the SPP still contains a significant amount of energy to be easily detected. 
Conclusion
Thus, we demonstrated the SPP propagation on the Ag film surface with a record length of propagation L S P P = 194 µm that is two times longer than previously reported. The measured SPP propagation length corresponds to the calculated data, in which the optical constants of the silver film are taken from [25] . The carried out measurements convincingly show the extremely high quality of the silver films created by the SCULL process [16] . The demonstrated possibility of the enhanced SPP propagation opens up new horizons in the development elements of nanoplasmonics, based on the use of silver films having low losses.
